Histone H3 trimethylation at lysine 36 (H3K36me3) is an important histone mark involved in both transcription elongation and DNA mismatch repair (MMR). It is known that H3K36me3 recruits the mismatch-recognition protein MutS␣ to replicating chromatin via its physical interaction with MutS␣'s PWWP domain, but the exact role of H3K36me3 in transcription is undefined. Using ChIP combined with wholegenome DNA sequencing analysis, we demonstrate here that H3K36me3, together with MutS␣, is involved in protecting against mutation, preferentially in actively transcribed genomic regions. We found that H3K36me3 and MutS␣ are much more co-enriched in exons and actively transcribed regions than in introns and nontranscribed regions. The H3K36me3-MutS␣ co-enrichment correlated with a much lower mutation frequency in exons and actively transcribed regions than in introns and nontranscribed regions. Correspondingly, depleting H3K36me3 or disrupting the H3K36me3-MutS␣ interaction elevated the spontaneous mutation frequency in actively transcribed genes, but it had little influence on the mutation frequency in nontranscribed or transcriptionally inactive regions. Similarly, H 2 O 2 -induced mutations, which mainly cause base oxidations, preferentially occurred in actively transcribed genes in MMR-deficient cells. The data presented here suggest that H3K36me3-mediated MMR preferentially safeguards actively transcribed genes not only during replication by efficiently correcting mispairs in early replicating chromatin but also during transcription by directly or indirectly removing DNA lesions associated with a persistently open chromatin structure.
Histone H3 trimethylation at lysine 36 (H3K36me3) is an important histone mark involved in both transcription elongation and DNA mismatch repair (MMR). It is known that H3K36me3 recruits the mismatch-recognition protein MutS␣ to replicating chromatin via its physical interaction with
MutS␣'s PWWP domain, but the exact role of H3K36me3 in transcription is undefined. Using ChIP combined with wholegenome DNA sequencing analysis, we demonstrate here that H3K36me3, together with MutS␣, is involved in protecting against mutation, preferentially in actively transcribed genomic regions. We found that H3K36me3 and MutS␣ are much more co-enriched in exons and actively transcribed regions than in introns and nontranscribed regions. The H3K36me3-MutS␣ co-enrichment correlated with a much lower mutation frequency in exons and actively transcribed regions than in introns and nontranscribed regions. Correspondingly, depleting H3K36me3 or disrupting the H3K36me3-MutS␣ interaction elevated the spontaneous mutation frequency in actively transcribed genes, but it had little influence on the mutation frequency in nontranscribed or transcriptionally inactive regions. Similarly, H 2 O 2 -induced mutations, which mainly cause base oxidations, preferentially occurred in actively transcribed genes in MMR-deficient cells. The data presented here suggest that H3K36me3-mediated MMR preferentially safeguards actively transcribed genes not only during replication by efficiently correcting mispairs in early replicating chromatin but also during transcription by directly or indirectly removing DNA lesions associated with a persistently open chromatin structure.
DNA mismatch repair (MMR) 2 is a highly-conserved DNA repair pathway whose primary role is to correct mispairs arising during DNA replication (1) (2) (3) (4) . Genetic or epigenetic alterations in genes encoding MMR components result in a mutator phenotype and increase susceptibility to tumorigenesis (1, 2) . The minimal essential components required for human MMR have been identified (5, 6) . The MSH2-MSH6 heterodimer, called MutS␣, is one of the most important components in human MMR, and its primary role is to recognize mismatches. MutS␣ binding to a mismatch triggers the downstream steps of MMR, including recruitment of other MMR factors, mismatch excision and repair DNA synthesis (3, 4) .
Recent studies demonstrate that chromatin structure and epigenetic signals regulate many biological pathways and processes, including DNA repair and carcinogenesis. Our earlier studies show that trimethylated histone H3 lysine 36 (H3K36me3) recruits MutS␣ to chromatin by interacting specifically with the PWWP domain of MutS␣ (7) . Deleting the MSH6 PWWP domain or inactivating SETD2, the major enzyme that trimethylates H3K36 (8) , strongly suppresses MutS␣ recruitment to chromatin and causes a mutator phenotype (7) . Similarly, H3K36M and H3K36I mutations also increase susceptibility to cancer (9, 10) .
In addition to its role in MMR during DNA replication (7) , H3K36me3 is highly associated with transcription processes, including transcription elongation and splicing (11) . The histone mark is enriched in actively transcribed open chromatin (11) and is more abundant in exonic than in intronic regions. However, the exact role that H3K36me3 plays in transcription is unknown. Conversely, MMR has been reported to participate in transcription-coupled nucleotide excision repair (12) , but the idea was highly controversial (13, 14) . Even if MMR is involved in transcription, it is unclear how it works.
Previous studies have shown that, in addition to recognizing mispairs, MutS␣ specifically interacts with DNA lesions that are usually processed by base excision repair and nucleotide excision repair pathways, which include 8-oxo-7, 8-dihydro-2Јdeoxyguanosine (15) , and many bulky DNA adducts (16) . These studies have established MutS␣ as a general DNA damage sensor, although the biology of this function is not quite understood. It is likely that MutS␣'s broad lesion recognition function constitutes its role in transcription.
Based on our earlier demonstration that H3K36me3 interacts specifically with the MSH6 subunit of MutS␣ (7) , it is possible that highly enriched H3K36me3 recruits MutS␣ to actively transcribed regions to mitigate the risk of DNA damage during transcription and/or actively promote lesion repair in the transcribed regions. To test this hypothesis, we used ChIP combined with sequencing (ChIP-Seq) and wholegenome sequencing (WGS) to characterize the distribution of H3K36me3 and MSH6 on chromatin and to create genomewide profiles of relative mutation frequency in HeLa cells with or without disruption of the H3K36me3-MutS␣ interaction. The results presented here demonstrate the co-enrichment of H3K36me3 and MutS␣ in actively transcribed regions, which are consistent with the idea that H3K36me3 and MutS␣ play roles in protecting the integrity of DNA in open chromatin during transcription, as disrupting the H3K36me3-MutS␣ interaction preferentially promotes mutations in actively transcribed regions. This notion is further supported by the fact that H 2 O 2 -induced DNA lesions, which are substrates of base excision repair, preferentially cause mutations in actively transcribed genes in MMR-deficient cells. These results suggest that MMR is involved in removing oxidative DNA damage during transcription, which is distinct from its traditional mismatch correction function during DNA replication. This study also provides evidence for a novel function of H3K36me3 in removing transcription-associated lesions via MMR.
Results

Genome-wide distribution and co-enrichment of H3K36me3 and MSH6
We performed whole-genome ChIP-Seq analyses in HeLa cells (referred to as P0, see "Experimental procedures") arrested at G 1 /S or S phase using antibodies against H3K36me3 or MSH6 that had been used for ChIP assays previously (see "Experimental procedures"). We used the RSEG pipeline (17) to map the genome-wide distributions of H3K36me3 and MSH6 with high confidence (see "Experimental procedures"). As expected, H3K36me3 was enriched in gene bodies and more enriched in exonic regions than in intronic regions ( Fig. 1A) . Binding domains were overlaid on transcribed genes in the reference genome Hg19 (http://genome.ucsc.edu/). 3 H3K36me3enriched domains aligned with 15,884 genes, and MSH6-enriched domains aligned with 5100 genes (Fig. 1B) . The limited MSH6 enrichment is likely due to competition between MSH6 and other H3K36me3 reader proteins (18) and/or inefficient pulldown of chromatin fragments by the MSH6 antibody used because of a relatively weak interaction between MSH6 and H3K36me3. Nevertheless, ϳ97% (4924/5100) of MSH6-enriched genes are enriched for H3K36me3 ( Fig. 1B) , which indicates MSH6 recruitment to chromatin via H3K36me3.
To further define the relationship between H3K36me3 and MSH6 and their distribution and abundance in the genome, we classified the whole genome into groups based on H3K36me3
ChIP intensity and then plotted these data against the corresponding MSH6 ChIP intensity. H3K36me3 and MSH6 ChIP intensities correlate with each other in a linear fashion throughout the entire genome (Fig. 1C ). Representative loci demonstrating this correlation are shown in Fig. 1D . To determine the specific distributions of H3K36me3 and MSH6 and the differences between these distributions in replicating and nonreplicating cells, we performed ChIP-Seq analyses in HeLa cells arrested in S phase or G 1 /S boundary. We found that 60 -80% of H3K36me3-enriched regions were co-bound in both phases ( Fig. 1E) . Interestingly, the ChIP intensities for H3K36me3 and MSH6 also correlated with each other in both phases (Fig. 1F ). Finally, we analyzed the relationship between transcription activity and H3K36me3/MSH6 distribution and demonstrated that regions bound by both H3K36me3 and MSH6 show higher transcription activities than those bound by H3K36me3 alone (Fig. 1G ). Taken together, these results suggest that MSH6 is preferentially recruited to actively transcribed regions in both replicating and nonreplicating cells. Given MMR's essential role in correcting replication errors, it is understandable that MSH6 is recruited to chromatin in replicating cells. Why MSH6 is also associated with chromatin in nonreplicating cells, particularly in actively transcribed regions, remains to be investigated.
H3K36me3-MSH6 co-enrichment is inversely correlated to local mutation frequency
We used whole-genome sequencing data from HeLa P0 cells to construct a genome-wide map of mutations, i.e. single nucleotide variants (SNVs) and insertions/deletions (indels). These mutations were aligned with the genome-wide distributions of H3K36me3 and MSH6. To determine the impact of H3K36me3/MSH6 enrichment and distribution on local mutations, we classified the whole genome into functional segments, i.e. promoter, exon, intron, and intergenic regions, and mapped H3K36me3/MSH6 enrichments and mutation frequencies to the individual segments. Consistent with the data shown in Fig. 1A , H3K36me3 was more enriched in exonic regions than in intergenic regions, as was MSH6 ( Fig. 2A ). However, relative mutation frequency was inversely related to the enrichment of both H3K36me3 and MSH6, as exons were less susceptible to mutation, and introns and intergenic regions were more susceptible to mutation (Fig. 2, A and B) . In addition, exons with higher H3K36me3 intensities exhibited lower mutation frequencies than those with lower H3K36me3 intensities ( Fig. S1A ). These results reveal that mutation frequency is inversely correlated to H3K36me3/MSH6 enrichment.
We also found that the H3K36me3-MSH6 interaction is critical for mutation avoidance, as mutations were found in only 18.8% (925/4924) of the H3K36me3-MSH6 co-bound genes but 44.6% (4886/10960) of the genes bound by H3K36me3 alone. Conversely, the mean mutation frequency in H3K36me3-only genes is higher than in the co-bound ones (Fig.  S1B ). These data indicate that H3K36me3 executes its genome stability function via MMR.
It is known that H3K36me3 enrichment tends to increase from the 5Ј end to the 3Ј end in gene bodies (19) . To determine this distribution tendency's influence on mutation frequency, we divided all gene bodies in the genome into 10 segments from 5Ј to 3Ј and analyzed their relative H3K36me3-and MSH6-ChIP intensities and mutation frequencies. As shown in Fig. 2C , H3K36me3-ChIP signals indeed increase from the 5Ј end to the 3Ј end in the gene bodies, as do the MSH6-ChIP signals. Mapping mutations in the corresponding sequences revealed that mutation frequencies in 5Ј sequences are generally higher than those in 3Ј sequences ( Fig. 2C ), suggesting that even within the gene body H3K36me3-dependent MMR determines mutation frequency.
Replication timing substantially influences gene mutability (20). To determine the involvement of H3K36me3 in this process, we examined the relationship between replication timing, enrichment for H3K36me3, and mutation frequency. The results show that regions relatively enriched for H3K36me3 tend to replicate earlier and have a lower relative mutation frequency than regions with fewer H3K36me3 signals ( Fig. 2D ). These observations imply that H3K36me3-dependent MMR is critical in replication timing-associated mutability. It is worth mentioning that the replication timing-associated mutation frequency difference observed in HeLa P0 cells is not as big as those reported in certain cancer genomes (20 -22) . We believe that this may be related to DNA repair capacities. HeLa cells are proficient in all known DNA repair pathways, including MMR (23), but many cancer genome studies reported in the literature used cancer cases that usually carry a defective DNA repair pathway. 
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The data shown above strongly suggest that H3K36me3/ MSH6 enrichment is inversely associated with local mutation frequency. However, we found that this rule does not apply to a small portion (ϳ0.4%) of the genome, where both H3K36me3/ MSH6 intensity and mutation frequency are high (highlighted in the gray box in Fig. 3, A and B) . We divided the whole genome into 18 groups according to their relative H3K36me3/MSH6 ChIP-intensity (i.e. 1-6, 7-12, and 13-18 classified as low, intermediate, and high intensity groups, respectively) and quantified the mutation frequency in each of these groups from the whole-genome sequencing data of HeLa P0 cells. As shown in Fig. 3 , A and B, when H3K36me3/MSH6 intensity is less than 9, the number of both SNVs and indels per kb gradually decreases as the abundance of H3K36me3/MSH6 increases; however, when H3K36me3/MSH6 intensity reaches a relatively high level (higher than level 13), we observed increased mutation frequencies in these regions. To determine whether this unusual phenomenon is related to transcription, we analyzed mutation frequencies of gene bodies and intergenic sequences in the three groups. The results show that, unlike in the gene bodies, mutation frequencies in these intergenic sequences were inversely correlated to the abundance of H3K36me3 (Fig.  3C) , consistent with the overall inverse correlation between H3K36me3 abundance and mutation frequency (see above). Because the major difference between gene bodies and inter-genic sequences is their transcriptional activity, it is possible that the excess mutations identified in H3K36me3-high regions are associated with transcription.
Previous studies have demonstrated mutational signatures of base substitutions associated with transcription-coupled damage in humans (24) and bacteria (25) . We therefore analyzed the mutational signature of the base substitutions by incorporating information regarding the 5Ј and 3Ј neighboring sites of each mutated base in the WGS data from HeLa P0 cells, as described (24) . The results reveal predominant C3 T mutations occurring at NpCpG trinucleotides ( Fig. S2A ), a characteristic of mutational signature 1A/B (24, 26) . This mutational signature occurred more frequently as follows: 1) in H3K36me3-high regions than H3K36me3-low regions ( Fig. 3D and Fig. S2A ) and 2) in H3K36me3-high gene bodies than H3K36me3-high intergenic regions ( Fig. S2, B, upper panel) . However, the latter does not apply to H3K36me3-low gene bodies and intergenic regions ( Fig. S2, B, bottom panel) . These results imply that the excess mutations in H3K36me3-high gene bodies are likely related to transcription-associated DNA damage and repair.
In addition to mutational signatures, strand bias of C3 T, C3 A, and T3 C mutations have also been linked to transcription-coupled damage and repair (24, 26) . To determine whether the excess mutations in H3K36me3-high gene bodies are strand-biased, we designated genomic regions as tx(ϩ) when they code genes on the reference strand and tx(Ϫ) when they code on the complementary strand, as described by Har-
Figure 2. Analyses of H3K36me3 and MSH6 enrichment and relative mutation frequency associated with various genomic features in HeLa P0 cells.
A, observed/expected enrichment for H3K36me3 or MSH6 in ChIP and relative mutation enrichment scores are shown in promoter, exon, intron, and intergenic regions, as described in the legend to Fig. 1A . B, average mutation frequencies in exons (blue) and introns (purple) are shown. C, ChIP reads density for H3K36me3 (blue) and MSH6 (orange) are plotted on 5Ј to 3Ј gene bodies in the left y axis. Mutation frequency is similarly plotted in the right y axis. D, H3K36me3 ChIP intensity (blue) and mutation frequency (orange) are plotted versus inverse replication-Seq intensity. Early replicating regions are represented on the left side of the x axis.
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adhvala et al. (26) , and we calculated the strand asymmetry scores (see "Experimental procedures") of each of the three mutation types in H3K36me3-high (intensity groups 13-18), -intermediate (intensity groups 7-12), and -low (intensity groups 1-6) regions. Fig. 3E shows the strand asymmetry analysis of C3 T, C3 A, and T3 C mutations. We detected little strand bias in these mutations over the entire genome ( Fig. 3E , upper panel) but a relatively strong strand bias in H3K36me3low regions (middle and bottom panels). Interestingly, despite excess mutations in H3K36me3-high regions (Fig. 3, A-D) , the predominant C3 T and T3 C mutations did not show the strong strand bias as seen in H3K36me3-low regions (Fig. 3E ), which indicates that DNA repair systems (27) (28) (29) , including H3K36me3-dependent MMR, repair such transcription-coupled damages in transcribed and nontranscribed DNA strands in a balanced manner. Thus, at least some of the excess mutations in H3K36me3-high regions likely accumulated because of insufficient DNA lesion repair on the transcribed strand during active transcription.
Actively transcribed genes are highly susceptible to mutation despite being enriched for H3K36me3
To determine transcription's association with the excess mutations observed in H3K36me3-high regions, we performed RNA-Seq analysis in HeLa P0 cells, as described under "Exper-imental procedures." Nontranscribed genomic regions were defined as bins with zero reads mapped, whereas transcribed genomic regions were identified as bins with one or more reads mapped. This analysis excluded rRNA transcripts, but genomic regions encompassed by spliced reads (e.g. introns) were binned with transcribed genomic regions. The overall fold-enrichment for H3K36me3/MSH6 was significantly higher (Fig. 4A , p Ͻ 0.01 and p Ͻ 0.05 for H3K36me3 and MSH6, respectively), and relative mutation frequency was significantly lower (Fig.  4B , p Ͻ 0.01) in all transcribed regions, including noncoding RNA genes, than in nontranscribed regions. Mutational analysis of the actively transcribed 5S RNA gene clusters and their flanking nontranscribed intergenic spacer regions revealed that only 4 of the 17 gene regions harbored a mutation, but 11 of the 16 nontranscribed intergenic spacer regions contained 1-5 mutations. Although we did not link excess mutations in H3K36me3-high gene bodies to all transcribed genes, these data further suggest that H3K36me3-dependent MMR preferentially protects transcribed genes from mutations.
Given that highly transcribed genes are more susceptible to mutation than less active and silent genes (26, 30, 31) , we next analyzed transcription activity and its relationship with H3K36me3 abundance and mutation frequency. We classified all regions (including those for noncoding RNAs) in the whole 
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genome into six groups based on their transcription levels, with group 1 and group 6 being the lowest and highest level in transcription activity, respectively. We found that mutation frequency is inversely correlated to H3K36me3 abundance in genomic regions in transcription groups 1-3 ( Fig. 4C ), which consist of the vast majority of the regions analyzed. For group 4 regions, mutation frequency does not correlate with the abundance of H3K36me3. However, for regions in groups 5 and 6, which represent a very small portion of all the regions analyzed, mutation frequencies increase gradually as H3K36me3 intensity increases (Fig. 4C , see the regions highlighted in the gray box). Thus, an overall biphasic correlation between mutation frequency and H3K36me3 intensity was observed ( Fig. 4C,  green solid line) , which is consistent with the data shown in Fig.  3, A and B . These results suggest that active transcription contributes to gene mutations.
We performed a similar analysis on all protein-coding genes, but with more details about their transcription activities. We observed a positive correlation between H3K36me3 or MSH6 ChIP signals and transcription levels and an overall inverse correlation between these variables and relative mutation frequencies. However, when the transcription activity reached a level higher than 12, mutation frequency began to increase as transcription activity increased (Fig. 4D) . Interestingly, these highly transcribed genes are heavily loaded with both H3K36me3 and MSH6 (Fig. 4D , see regions highlighted in the gray box), a phe-nomenon observed in Fig. 3A . We indeed found that the vast majority (ϳ78%) of these highly transcribed genes are located in the regions with excess mutations shown in Fig. 3A (regions between ChIP intensity 12-18). These unexpected results suggest that highly transcribed genes, although heavily protected by H3K36me3-dependent MMR, are highly susceptible to mutations (see below for details). These mutations are probably derived from DNA damage in open chromatin during transcription (32, 33) .
Disrupting the H3K36me3-MSH6 interaction preferentially increases mutation frequency in highly transcribed regions
SETD2 is the major methyltransferase that trimethylates H3K36 (8) , and the MSH6 PWWP domain interacts with H3K36me3 (7) . To determine the actual involvement of H3K36me3-dependent MMR in transcription-associated damage removal, we examined the relationships between H3K36me3/MSH6 abundance, transcription activity, and de novo mutations from various HeLa cells (i.e. SETD2-knockout or MSH6 PWWP-domain disrupted) with 100 passages (P100, see "Experimental procedures"). As expected, we detected very low levels of H3K36me3 and MSH6 on chromatin in SETD2knockout (SETD2-KO) HeLa cells (Figs. S3, A and B, and S4, A  and B) . Consistent with previous studies (7) , the de novo mutation frequency was elevated in SETD2-KO cells (Fig. S4C) . Interestingly, the de novo mutations in SETD2-KO cells but not ChIP intensity is plotted versus mutation frequency in six groups of genomic regions with different transcription levels, as described in the text. Transcription level increases from group 1 to group 6. D, H3K36me3 (blue) and MSH6 (orange) enrichment level (left y axis) and mutation frequency in gene bodies (purple, right y axis) are plotted versus relative transcription level. The regions highlighted in the gray box indicate highly transcribed genes, as described in the text.
in control HeLa cells occurred preferentially in exonic regions originally enriched for H3K36me3/MSH6 (Fig. 5A) , and the relative mutation frequency in SETD2-KO cells correlates with the original fold-enrichment for H3K36me3 in control HeLa cells (Fig. 5B ). In addition, relative mutation frequencies were higher in transcribed genes than in nontranscribed genes in SETD2-KO HeLa cells, and the opposite was observed in control HeLa cells (Fig. 5C ). We similarly analyzed the relationship between transcription level and de novo mutation frequency and found that mutation frequency correlates positively with transcription activity in SETD2-KO cells but not in control HeLa cells (Fig. 5D ).
To rule out the possibility that H3K36me3 prevents mutations in actively transcribed regions by recruiting other repair proteins, we also performed similar analyses in HeLa cells carrying a complete knockout of MSH6 or an MSH6 defective in the PWWP domain ( Fig. S3, C-E) , which only disrupted the MMR pathway or disrupted the interaction between H3K36me3 and MSH6 without impairing other DNA repair pathways. We observed similar results to those obtained in the SETD2-KO HeLa cells (Fig. 5, A-D) .
To test whether the de novo mutations observed in H3K36me3-MSH6-deficient HeLa cells are associated with transcription-associated DNA lesions, we analyzed the mutational signatures in all three MMR-deficient cells and their con-trol HeLa cells, as described above (see Fig. S2 and Fig. 3 ). The overall mutation spectrum is quite similar in these cells ( Fig.  S4D ) and also similar to that observed in HeLa P0 cells (Fig. S2 ). However, when we analyzed the detailed mutational signatures on different gene groups with different transcription levels, we found an increase in the C3 T mutational signature associated with an increase in transcriptional activities in all three MMRdeficient cells (Fig. S4E) , consistent with the results shown in Fig. 3D . More strikingly, analysis of mutational strand bias revealed that, compared with wildtype (WT) HeLa P100 cells, strand-biased mutations in cells defective in the SETD2, MSH6, and MSH6 PWWP domains were all significantly compromised for C3 T mutations (Fig. 5E, middle and bottom panels) . Similarly, the degree of mutational strand bias for C3 A and T3 C mutations was also reduced (Fig. 5E) . Given that all cell lines used here are proficient in both base excision repair (BER) and nucleotide excision repair (NER), but differ in MMR, we conclude that the observed mutations and the loss of mutational strand bias in actively transcribed genes in H3K36me3-MSH6-defective cells are due to the loss of MMR function.
Actively transcribed tumor suppressor genes are more susceptible to mutation in MMR-deficient cells
We selectively examined enrichment for H3K36me3 and relative mutation frequency in 123 tumor suppressor genes anno- 
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tated in the COSMIC database (34) . The results in control HeLa cells revealed the following: 1) H3K36me3 was more enriched in these genes than in control genes (Fig. 6A) ; 2) relative mutation frequency was lower in these tumor suppressor genes than in control genes (Fig. 6B) ; and 3) these tumor suppressor genes transcribed at a higher level than control genes (Fig. 6C ), consistent with a previous study (35) . In H3K36me3-depleted cells (i.e. SETD2-KO), nonsilent mutations occurred preferentially in these tumor suppressor genes. However, not all tumor suppressor genes carried a new mutation in SETD2-KO cells. For example, we detected de novo mutations in BRCA2, DAXX, NOTCH1, TET1, TGFBR2, ARID2, NF2, and FAT1 but not in many other tumor suppressor genes analyzed in this study (Table S1 ). Interestingly, 5 of the 11 (ϳ46%) nonsilent point mutations shown in Table S1 are C3 T mutations.
We reasoned that the discrepancy in mutation frequencies among these tumor suppressor genes can be explained by their transcription activity, which has been shown to influence the stability of the local sequences ( Figs. 4 and 5 ). We therefore compared the mutagenic activities of tumor suppressor genes that were enriched for H3K36me3/MSH6 prior to SETD2 knockout, but possessed different transcription activities. In general, relatively highly transcribed tumor suppressor genes were more prone to mutation in MMR-deficient cells (Fig. 6D ). Fig. 6E shows six representative genes in this analysis. Even though the SETD2 knockout depleted the H3K36me3 signal in all ARID2, NF2, FAT1, CEBPA, CDH1, and DNMT3A genes, we detected mutations in the highly transcribed genes ARID2, NF2, and FAT1 but not in the much less transcribed genes CEBPA, CDH1, and DNMT3A. These results indicate that actively transcribed tumor suppressor genes are preferentially safeguarded by H3K36me3-dependent MMR in normal circumstances to avoid mutations during transcription, but they are susceptible to mutation when the MMR system is down. Our data provide a further molecular explanation for why actively transcribed genes are targeted for mutation (36 -38) . This also indicates that chromatin structure and their susceptibility to DNA damage during DNA metabolism, as well as differences in rates of transcription, have a great impact on local mutation frequencies.
Actively transcribed cancer genes are more susceptible to oxidation-induced mutations in H3K36me3-or MSH6depleted cells
To further confirm that the observed mutations in actively transcribed genes are due to loss of MMR activity associated with transcription, we treated MMR-proficient and -deficient HeLa cells with a low concentration of H 2 O 2 , which mainly induces oxidative DNA damage, such as 8-oxo-guanine and strand breaks. These oxidative DNA lesions are independent of DNA replication and are not classical substrates for MMR. The H 2 O 2 treatment did not block loading of H3K36me3 and MSH6 to chromatin in the transcription-active G 1 phase (Fig. S5, A  and B) . We analyzed H 2 O 2 -induced mutations by DNA sequencing of three actively transcribed cancer genes CALR, MYC, and TP53 and two transcriptionally inactive genes CD79A and GATA1. We observed that the relative mutation frequencies were significantly higher in the actively transcribed genes than in the transcriptionally inactive ones in SETD2-KO, MSH6-KO, or MSH6-PWWP-defective cells ( Table 1 and  Table S2 ). However, we did not detect this discrepancy in mutation frequencies between actively transcribed and transcrip- 
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tionally inactive genes in MMR-competent control HeLa cells ( Table 1) . It is worth noting that in H3K36me3-and MSH6defective cells, H 2 O 2 -induced mutation frequencies in these genes are essentially proportional to their transcriptional activities, e.g. CALR Ͼ MYC Ͼ TP53 (Table 1) , consistent with the data shown in Fig. 5D . Because all cell lines used here differ only in terms of their MMR activity, these results confirm that H3K36me3-mediated MMR preferentially protects actively transcribed genes from mutation.
Discussion
MMR is well known for correcting mismatches generated during DNA replication to ensure high DNA replication fidelity. We have recently shown that H3K36me3 is an important MMR factor, as it recruits MutS␣ to replicating chromatin in human cells (7) . Here, we provide the evidence showing that H3K36me3-dependent MMR preferentially protects actively transcribed genes from mutation. We believe that MMR does this through both replication and transcription. Therefore, this study has identified a new genome maintenance function for H3K36me3 and MMR in repairing transcription-associated DNA lesions.
Under normal circumstances, both H3K36me3 and MSH6 are more abundant not only in gene bodies than in other genomic regions but also in actively transcribed genes than in less actively transcribed and silent genes ( Figs. 2 and 4) . Correspondingly, local mutation frequency is inversely correlated with H3K36me3/MSH6 intensity ( Figs. 2 and 4 ). However, in H3K36me3-depleted cells or cells in which the H3K36me3-MSH6 interaction had been disrupted, mutations occurred preferentially in actively transcribed regions (Fig. 5) . These observations clearly suggest that H3K36me3-mediated MMR preferentially protects actively transcribed regions from mutation.
It is known that active protein-coding genes resided in early replicating chromatin (45) (46) (47) , where H3K36me3/MSH6 are highly enriched (Fig. 2D) . Thus, the MMR system can efficiently correct errors generated in actively transcribed genes during early replication timing, resulting in error-free replication. In addition, the following facts support a role for MMR in transcription-associated DNA lesion removal. We observed that a number of very actively transcribed genes, which are highly enriched for H3K36me3/MSH6 and supposed to be in early replicating chromatin, had a mutation frequency higher than that of genes with less transcription activity and less abundance in H3K36me3/MSH6 (Fig. 4, C and D) . This phenomenon cannot be explained by replication-associated mutations, as the very actively transcribed genes would have been better protected by H3K36me3-mediated MMR. However, during transcription very actively-transcribed genes are persistently exposed in open chromatin structure and thus suffer more DNA damage-induced mutations than less actively transcribed genes. This assumption is supported by the fact that actively transcribed genes displayed a higher H 2 O 2 -induced mutation frequency than less actively transcribed ones in MMR-deficient cells ( Table 1) . Given that all cells used are competent in other DNA repair pathways and that H 2 O 2 -induced damage is not replication-specific, the simplest explanation is that defects in H3K36me3-mediated MMR are responsible for the observed mutations in actively transcribed genes during transcription. These results agree with recent studies demonstrating that human cells differentially repair DNA lesions or mispairs in euchromatin and heterochromatin (36) and that mutations preferentially occur in active genes in tumors defective in MMR (37, 48) .
Transcription-coupled NER has been well documented to selectively remove some DNA lesions from transcribed strands (39, 40) . However, NER's DNA lesion specificity may limit its role in transcription-coupled repair. In contrast, MutS␣ has a very broad DNA substrate capacity and is capable of recognizing many DNA lesions that are normally processed by BER and NER pathways, such as G:U mispairs, 8-oxo-guanine, O 6 -methylguanine, and UV dimers (15, 16, 29, (41) (42) (43) (44) . In addition, unlike other DNA repair genes, whose expressions are induced in response to DNA damage, the expressions of MMR genes are Table 1 Mutation frequency induced by H 2 O 2 in actively transcribed or inactively transcribed cancer genes Cells were treated with 50 M H 2 O 2 for 6 days, and five cancer genes were selected for mutation analysis. The expression level was indicated by reads/kb/million reads (RPKM) value. Relative mutation frequency was calculated as mutations/sequence length/generations. Fold change was calculated by dividing median mutation frequency of actively transcribed genes by that of inactively transcribed ones.
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maintained at a very stable level in all cell cycle phases (7) , making them available at any time when needed. Thus, both the availability and capability render MMR be an ideal genome maintenance system.
It is known that during DNA replication, MMR corrects biosynthetic errors in a strand-specific manner and that strand specificity is directed either by a pre-existing strand break (e.g. the ends of Okazaki fragments) or by endonucleolytic cleavage by MutL␣. How the MMR system removes the strand-specific damage during transcription is unknown. However, previous studies have provided some hints to the answer. MMR has been shown to occur in nondividing cells exposed to high levels of DNA damage, a reaction called noncanonical MMR (49 -51) . Recent studies by Modrich and co-workers (52-54) have revealed that covalently closed circular DNA containing a lesion or a helix perturbation that MutS␣ recognizes stimulates PCNA loading and subsequently activates the MutL␣ endonuclease activity. Although the endonucleolytic cleavage by MutL␣ lacks strand bias in vitro, it has been proposed that in vivo interactions between PCNA and MutS␣ (55) and/or unidentified DNA signals confer strand specificity on the reaction. We therefore propose that, after H3K36me3 recruits MutS␣ to actively transcribed chromatin containing a DNA lesion, MutS␣ directly promotes repair of the DNA lesion, thereby mitigating the risk of locally higher mutation frequency in actively transcribed genes and ensuring both the stability of the transcribed genes and transcription accuracy. It is also possible that MutS␣ recruits other DNA repair proteins to DNA lesions in actively transcribed regions, similar to the process known as transcription-coupled nucleotide excision repair (56) .
We also show that mutation frequency is higher in introns than in exons in MMR-proficient HeLa cells ( Fig. 2A ), but the order of mutation frequencies in these regions is reversed when H3K36me3 or the H3K36me3-MSH6 interaction was depleted or disrupted ( Fig. 5A ), suggesting a critical role for MMR in maintaining exon stability. These results are in agreement with a recent bioinformatics study that analyzed the whole-genome expression and mutation data of several hundred MMR-proficient and MMR-deficient tumors deposited in the TCGA database. The data suggest that mismatches in exonic DNA are repaired more efficiently than their intronic counterparts in a manner that depends on H3K36me3-dependent MMR (48). However, because many introns are transcribed together with their corresponding exons, how does the MMR system selectively repair DNA lesions in exons? Given that H3K36me3 is highly enriched in exons, Schwartz et al. (57) have proposed that H3K36me3 levels define exon-intron boundaries during mRNA synthesis and H3K36me3's preferential recruitment of MutS␣ to exon-containing nucleosomes allows MMR to specifically target exons. Based on their bioinformatics analysis, Frigola et al. (48) suggest that a cross-talk between the RNA splicing machinery and MMR could account for the differential mutation frequencies in exons and introns. However, further studies are required to elucidate the detailed mechanism by which H3K36me3 and MutS␣ promote stability in actively transcribed genomic regions.
Experimental procedures
Cell lines and cell culture SETD2 and MSH6 knockout HeLa (SETD2-KO and MSH6-KO) and PWWP-mutant HeLa (PWWP-MT1/2) cells were created using CRISPR-Cas9 genome-editing technology with small guide RNAs targeting to the third and the second exon of SETD2 and MSH6, respectively, as described previously (58) . The PWWP-mutant cells are by-products of an MSH6 knockout that deleted a fragment (PWWP-MT1, 112-120 -amino acid deletion; PWWP-MT2, 122-128 -amino acid deletion) in the MSH6 PWWP domain without disrupting the whole protein. Cells were grown in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 10% fetal bovine serum.
Cell synchronization and cell cycle analysis
We synchronized cells as described (7) and arrested cells at G 1 /S by culturing for 18 h in complete medium with 2 mM thymidine, 10 h in thymidine-free medium, and then 15 h in thymidine-containing medium. We harvested early S phase cells by releasing G 1 /S cells into thymidine-free medium for 1.5 h and confirmed cell cycle status by flow cytometry.
Western blotting and chromatin fractionation
We performed Western blotting analyses using antibodies against SETD2 (A3194, ABclonal), MSH6 (sc-10798, Santa Cruz Biotechnology), H3 (ab12079, Abcam), H3K36me3 (ab9050, Abcam) or ␤-actin (BE0033, EasyBio), according to the manufacturer's recommendations.
SETD2-KO, PWWP-MT, and control HeLa cells were fractionated as described (59) with some modifications. Briefly, cells were lysed for 10 min on ice in 1 ml of ice-cold 0.5% Triton X-100/mCSK buffer containing multiple protease inhibitors and 200 M Na 3 VO 4 . Cell lysates were subjected to centrifugation (2000 ϫ g, 3 min) to obtain nuclear fractions. Nuclei were digested with 250 units/ml DNase I in 0.1% Triton X-100/ mCSK containing 2 mM MgCl 2 and 1 mM MnCl 2 at room temperature for 20 min. The samples were centrifuged (2000 ϫ g, 3 min), and the supernatant fraction, which contains solubilized chromatin, was saved.
Microscopy and immunofluorescence analysis
We performed immunofluorescence analysis as described (7) with antibodies against H3K36me3 (ab9050, Abcam) and MSH6 (610968, BD Biosciences). Fluorescence images were obtained using Axio Observer Z1 microscope (Carl Zeiss MicroImaging), and images were processed and analyzed using ImageJ software.
ChIP and ChIP-Seq analysis
We performed ChIP using extracts from 2 ϫ 10 7 cells and 4 g of ChIP-grade H3K36me3 (ab9050, Abcam) or MSH6 (sc-10798, Santa Cruz Biotechnology) antibody, according to the native ChIP (N-ChIP) protocol, as described previously (60) . For MSH6 ChIP, we first cross-linked cells with 1% formaldehyde at room temperature for 10 min before micrococcal nuclease digestion. We kept 5% chromatin fragments digested by micrococcal nuclease as input. Both the input and ChIP Mismatch repair preferentially protects transcribed genes products were deproteinized using phenol/chloroform extraction, followed by sequencing library construction and sequencing in single-end 50-bp (SE50) mode using the Illumina Next-Generation-Sequencing platform.
We subjected the sequencing reads to the standard quality control pipeline and mapped clean reads to a human reference genome (UCSC hg19) by the short oligonucleotide alignment package (SOAP2.1) with default parameters (61) . Reads mapping to more than one position in the genome were filtered out. Multiple reads mapping to the same position were counted once to avoid potential PCR bias. We used the RSEG pipeline (17) to identify H3K36me3-and MSH6-enriched regions and ChIP-Seq intensities. RSEG models the read counts with a negative binomial distribution and subsequently uses a two-state hidden Markov model (HMM) to segment the genome into foreground domains and background domains. To identify H3K36me3-and MSH6-enriched domains, we regarded sequencing reads from DNA fragments without enrichment by any antibody (input) as background compared with reads from ChIP-ed samples under rseg-diff mode-2 with default settings. We computed the bin size based on total read counts, and the effective genome size with the posterior probability of each bin obtained by HMM decoding is larger than 0.95 (false discovery rate Ͻ5%). The mean of read counts within a region is above the 90th percentile of foreground emission distribution. Finally, we merged adjacent enriched bins into enriched domains. We used domain score (Ͼ ϭ 10), which measures both the quality and size of the domain, as a filter parameter to keep only highly confident domains.
Whole-genome sequencing analysis
We performed whole-genome sequencing using the Illumina HiSeq 2500 (San Diego) platform in PE150 (paired-end 150 bp) mode with an average 30ϫ depth for each base. We processed raw image files using the Illumina Pipeline (version 1.3.4) for base-calling with default parameters. The clean reads were aligned to the HeLa genome reference (62) by Burrows-Wheeler Aligner (BWA) alignment pipeline with default parameters (63) . We then processed the BAM files derived from BWA alignment by the Genome Analysis ToolKit (GATK version 1.6) (64) to perform re-alignment around known indel sites. We subjected all aligned reads to GATK count covariates based on known SNVs (dbSNP135) and recalibrated base quality using GATK table recalibration. Both uniquely-mapped reads and multiple-mapped reads were used to identify variations. Multiple aligned reads with a mismatch ϭ 1 were randomly assigned to one site for each mismatch. We used the GATK unified genotyper to identify genome-wide SNVs and indels with default parameters and filtered variations by quality control.
To elucidate the accumulated de novo mutations in SETD2-KO, MSH6-KO, PWWP-MT, and WT HeLa cells, we used an experimental evolution strategy, as described previously (65) . All cells were cultured for 100 generations (P100) and then subjected to WGS analysis, as described above. We regarded all the cells (SETD2-KO P100, MSH6-KO P100, and PWWP-MT P100 and two replicates of HeLa P100 and HeLa P0) as a uniform population to discard the common mutations identified in all the samples. Then, we compared the P100 data to the HeLa P0 data to identify de novo mutations that occurred only in P100 cells but not in P0 cells. We used mutations in HeLa P0 cells to analyze the H3K36me3/MSH6 -mutation relationship under normal circumstances (Figs. 2-4 ). We used de novo mutations to address mutations that preferentially targeted actively transcribed genes in H3K36me3-MMR-deficient cells (Figs. 5 and 6, D and E). The sequencing data are accessible in NCBI with SRA accession no. SRP128160.
Mutational signature and strand bias analyses
We performed mutational signature analysis as described (24) . We counted 96 substitution classifications defined by six substitution classes (C3 A/G3 T, C3 G/G3 C, C3 T/G3 A, T3 A/A3 T, T3 C/A3 G, and T3 G/A3 C) and analyzed the sequence context immediately 5Ј and 3Ј to the mutated nucleotide in the whole genome or in certain genomic regions. Then, we calculated the percentage of each classification and normalized to its corresponding trinucleotide frequency in the whole genome or in certain genomic regions.
We analyzed mutational strand bias as described (26) . We annotated genomic regions as tx(ϩ) if they encoded genes on the reference strand and as tx(Ϫ) if they encoded genes on the complementary strand. For each of the six mutation types, we calculated the mutation frequencies of the pair of complementary substitutions (e.g. C3 T and G3 A) in both the tx(ϩ) and tx(Ϫ) groups. Then, we calculated the strand asymmetry score as the log 2 ratio of the mutation frequencies for the complementary substitutions (e.g. log 2 (C3 T/G3 A)) in the entire genome or in the tx(ϩ) and tx(Ϫ) groups. The degree of strand bias increases as the absolute value of the strand asymmetry score increases.
Processing Repli-Seq data and HeLa transcriptome data
We obtained Repli-Seq data from ENCODE for HeLa-S3 cells with accession no. ENCSR647UES (66). Signal intensities were averaged over 1-kb intervals throughout the genome. We downloaded HeLa-S3 RPKM data for Hg19 annotated genes with UCSC accession no. wgEncodeEH000130 (66). These genes were stratified into groups by RPKM value, ranking from low to high.
Identifying transcribed and nontranscribed genomic regions in HeLa
HeLa RNA-Seq reads were processed using a standard filter pipeline and aligned to Hg19 using Bowtie2 (67) with default parameters. The mapped reads were then mapped to H3K36me3 bins. Nontranscribed genomic regions were identified as a single bin corresponding to zero reads mapped; transcribed genomic regions were identified as bins with one or more reads mapped. Genomic regions encompassed by spliced reads (e.g. introns) were binned with transcribed genomic regions. As defined by these parameters, 952,358.472-kb regions were identified as transcribed, and 1,966,089.658-kb regions were identified as nontranscribed.
Oxidation-induced mutation analysis
Cells were plated onto two 60-mm dishes for each of the four cell lines (SETD2-KO, MSH6-KO, PWWP-MT, and control
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HeLa cells) with 50% confluence. Cells in one dish were treated with 50 M H 2 O 2 for 6 days, and cells in the other dish were grown in H 2 O 2 -free medium. Genomic DNA were isolated and PCR-amplified using primers specific for three actively expressed genes (CALR, MYC, and TP53) and two inactively expressed genes (CD79A and GATA1). The length of PCR products is ϳ700 bp (Table S2 ). We subjected PCR products to TA cloning and randomly selected 20 positive colonies from each PCR for DNA-sequencing analysis. We aligned the sequences to the reference sequence to identify H 2 O 2 -induced mutations. Mutation percentage was calculated by dividing the mutation-containing colonies by the total colonies (n ϭ 20), as shown in Table S2 . Relative mutation frequency was calculated as shown in Table 1 : relative mutation frequency ϭ number of mutations/total sequencing length (20 ϫ PCR length)/generations.
Statistical analysis
All statistical analyses were performed with Welch's two sample t test using R 3.1.2 package. Data were considered statistically significant if p values were less than 0.05 or 0.01, as indicated. 
